Introduction
strategies. Their results further suggest that reaction time (RT) can be used to dissociate these 91 explicit strategies: mental rotation is a time-consuming computation and caching is a fast 92 automatic process that does not require a long RT (Haith and Krakauer, 2018) . Here we set to 93 explore the different explicit components captured or not by eye movements, and their link to 94 the explicit strategies captured by RT. 95 In the first experiment of the current study, we measured subjects' eye movements 96 during visuomotor rotation with verbal reporting and without. Like in de Brouwer et al. (2018) , 97
our results demonstrate that, in verbal reporting, eye fixations before movement onset 98 accurately predicts the reported aiming direction. Without reporting, eye fixation before 99 movement onset correlates well with explicit learning measured by after effect. However, it 100 does not account for the full explicit knowledge revealed by exclusion. This suggests that only 101 a component of explicit learning is being captured by eye movements when there is no verbal 102 report. 103
In a second experiment we explore the time course of the discrepancy between eye 104 movements and exclusion by introducing exclusion (catch) trials in addition to testing for an 105 after effect. For some subjects, measures of explicit learning from eye movements matched 106 those from exclusion. For other subjects, exclusion revealed more explicit knowledge than that 107 found in the eye movements. The first group divided into two subgroups: those using primarily 108 explicit strategy and those with hardly any contribution from an explicit strategy. The second 109 group, where exclusion showed more explicit knowledge than did the eye movements, showed 110 subjects with the full range of combinations of explicit and implicit learning. Further analysis 111 of RT seems to indicate that the explicit knowledge reflected in the eye movements may be the 112 same mental rotation component identified by McDougle and Taylor (2019) . of the subjects reported neurological or motor impairments. The experimental protocol was 120 approved by the HSR (Human Subject Research) committee of Ben-Gurion University of the experiment, the number subjects reported as their intended aiming direction were recorded and 135 typed into an excel sheet (details below). 136
Trial structure. We used three different trial types in our experiments. The general 137 structure of these trial types is shown in Figure 1A . At the beginning of every trial, subjects 138 moved a grey cursor to a white origin. The origin appeared in the center of the screen and 139 corresponded to a hand position at the center of the tablet. After maintaining this position for 140 1000 ms, a green target circle appeared at a distance of 8 cm on the screen (corresponding to a 141 movement of 5.5 cm on the tablet) and visual landmarks appeared surrounding the target. 142
Targets could be in one of the 8 cardinal and intercardinal directions relative to the origin. The 143 order of targets was pseudo-random for each subject and between subjects such that a complete 144 circuit of the targets was completed every 8 movements. The cursor disappeared when the 145 participant's hand was further than 0.56 cm from the center of the origin. When the hand 146 crossed the distance of 7.6 cm (95% of the target distance) from the origin, a red circle the same 147 size as the original cursor appeared on the screen at the same distance as the target. This circle 148 was presented in order to give subjects visual feedback about the cursor position at the end of 149 the trial. The red circle that indicated the cursor location remained visible for 350, 700, or 1000 150 ms. Different presentation times were used in different groups and in different experiments. 151
After the red circle disappeared a white ring appeared centered at the origin with radius equal 152 to the distance of the hand from the origin. This ring guided the hand back to the origin without 153 providing information about its exact location. 154 end of each trial reflected the true location of the hand. Rotation, the red circle appeared at a 156 location that was rotated by 45° counterclockwise relative to the hand movement. No visual 157 feedback, no red circle appeared at all, nor did any other landmarks. In no visual feedback trials, 158 subjects were instructed to aim straight towards the target. In all trials, subjects received 159 auditory feedback to control movement speed: movements that reached a distance of 7.6 cm 160 from the origin center within 500 ms were rewarded with a pleasant "ding" sound; otherwise, 161 subjects heard an unpleasant "buzz" sound. 162 163 Data collection. x and y coordinates of the hand trajectories were collected by the tablet 164 and saved from the moment of target appearance until the hand reached 95% of the targets 165 circle radius. Eye movements were recorded continuously using the eye tracker. Eye movement 166 data was pre-processed to remove blinks (as recorded by the eye tracker software). In addition, 167 eye movements were re-centered, to correct for drift over the experiment, by assuming that the 168 (II) After one second, a target appeared, and (III) subject started reaching towards the target. (IV) On veridical trials, when reaching to target, a red circle appeared indicating the hand position. (V) After the feedback disappeared, a white ring appeared, which directed the hand back to the origin. (VI) In rotation trials, the red circle appeared rotated 45° counterclockwise. In the report condition, subjects were asked to report before initiating their hand movement. (VII) In no visual feedback trials, subjects received no feedback at the end of the movement. (B) Experimental design. Top: First experiment. In the first and second Baseline Block, feedback was veridical. In the Rotation Block, the cursor was rotated by 45°. In the No Visual Feedback Block, the landmarks and cursor feedback were removed, and participants were instructed to aim directly to the target. In the Washout Block, conditions were similar to the first Baseline Block. In the Second Baseline Block and in the Rotation Block, participants in the R condition reported their aiming direction. Bottom: Second Experiment. Similar to the first experiment, however, without the second Baseline Block and without report sessions. In addition, five Mini Exclusion Blocks were spread throughout the Rotation Block. eye is fixated on the origin during the 1000 ms before the hand movement begins. Re-centering 169 was accomplished by accumulating eye position in this time window during the current trial, 170 two preceding trial and two following trials, and taking the median position across the entire 171 5000 ms of data. 172 between the groups. The feedback time showed no effect on task performance, learning, and 176 eye movements in either of the groups, and thus we did not address this subdivision in the 177 results. around the origin (this is the same radius at which targets appeared). Low numbers were nearer 182 the target. Before each movement, subjects were instructed to say out loud the number towards 183 which they were aiming towards in order to get the cursor to the target. For subjects in the No-184 Report group, hollow circles were presented instead of the numbered landmarks and they were 185 not asked to report their intended aiming direction. Indeed, the No-Report group was not 186 informed in any way that they might want to aim to a direction different than the target. The 187 experimental sequence was the same for both groups. Each session was divided into 5 blocks: 188 two baseline blocks (72 and 8 trials) consisting of veridical trials. The first baseline (veridical 189 feedback) block allowed subjects to get familiar with the reaching task and the second block 190 was intended for subjects in the Report group to practice the report. For subjects in the Report group, there was no difference between these two blocks. In the third block, the rotation 192 block (320 rotation trials), the cursor was rotated relative to the origin. Subjects in the Report 193 group were required to report their aiming direction during this block. The fourth block was a 194 no feedback block (40 trials), which consisted of no visual feedback trials. In the last block, a 195 washout block (40 trials), subjects were presented with veridical feedback trials ( Figure 1B) . were presented during the rotation block ( Figure 1B ). They were evenly spaced during the block 209 in 5 mini blocks of 4 trials each. Subjects were instructed at the beginning of the experiment 210 that their goal is to hit the target with the cursor. All instructions that were given during the 211 experiment were presented on the screen. After the first 2 trials of the rotation block, a message 212 appeared on the screen asking the subject to pay attention to the error and to hit the target with 213 the cursor. In addition, before and after each mini block of no visual feedback trials, a message 214 appeared announcing the beginning and end of this block. In the beginning, the message 215 instructed subjects to ignore their strategy and to hit the target. In the end, the message 216 instructed them to go back to using their strategy. 217
General Data analysis and statistics 218
Hand movement analysis. The Hand-Target Difference was calculated as the 219 difference between the target location and the hand position when the cursor reached 95% of 220 the distance from origin to the targets. Trials, in which the movement from the origin towards 221 the target was not strictly increasing after the cursor passed 5% of the distance to the targets or 222 trials in which movement was too slow, were excluded. In the first experiment, subjects were 223 presented with text reminding them of the instructions every 40 trials. Trials immediately 224 following these reminders were discarded, since subjects often tested the degree of rotation by 225 aiming directly to the target. Each movement RT was defined as the time between target 226 appearance and the cursor reaching 7% of the target distance. 227
Eye movement analysis. The eye movements before movement initiation followed a 228 stereotypical pattern: during the baseline block, subjects fixated first on the origin and then on 229 the target. During the rotation block, target fixation was often followed by eye movements that 230 carried the gaze in the direction opposite to the rotation ( Figure 2 ). We tested several measures 231 of this latter gaze shift to see which best correlated with subjects' reported aiming direction. 232
All methods produced similar results and the choice of measure did no influence any of our 233 findings. Thus, following previous results showing the eye leading upcoming hand movements movement onset to characterize subjects' intended aiming direction and called it the Explicit 236
Eye. If eye fixation before movement onset was missing (due to a blink), or if it was near the 237 origin (radius<50% of the target radius), or beyond the target area (radius>150% of the target 238 radius) the eye movements for that trial were discarded. Any subject for whom over 50% of the 239 rotation trials were discarded were excluded from further analysis (4 in the No-Report group in 240 the first experiment, and 1 in the second experiment). We used the term Implicit Eye for the 241 difference between the Explicit Eye and the Hand-Target Difference; it represents the estimated 242 implicit adaptation derived using the eye movements. 243 244 Reporting analysis. Report trials (in the first experiment) were also characterized by 245 the subject's statement of their intended aim direction. The reported number was multiplied by 246 5.625° / landmark in order to convert it to an aiming angle. This was called the Explicit Report. 247
The Implicit Report was calculated by subtracting the Explicit Report from the Hand-Target 248 In the Baseline Block, the subjects first gazed towards the target and later made a reaching movement towards it. At the beginning of the Rotation Block, both subjects shifted their gaze toward the target and later toward the hand target, the reporting subject then reported a direction close to the hand-target, and both subjects moved their hand toward the hand-target. By the end of the rotation, the subjects also shifted their gaze first to the target, then toward the side opposite of the rotation. However, this secondary shift was smaller than the hand target angle for the reporter and even smaller for the non-reporter. The reporter also reported a smaller angle. Both kept moving their hand moved to the hand-target direction.
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Difference. This is the difference between where subjects said they aim and where they moved 249 their hand. 250
No visual feedback trials analysis. In the No Visual Feedback trials, subjects were 251
instructed to aim directly towards the target. Thus, the difference between the hand and the 252 target in these trials represents, by definition, residual implicit knowledge of the rotation not 253 under the subject's control. In the second experiment, there were 20 no visual feedback trials 254 in mini blocks during the rotation block, and a no visual feedback block after the rotation block. 255
The mini blocks trials and the first four trials of the no visual feedback block were named the 256 Implicit No Visual Feedback. We excluded 3 subjects who later reported they didn't understand 257 the instruction during those trials. 258
Statistics. Unless otherwise noted, we report the mean and 95% confidence intervals The measures defined for each subject and each trial were the difference between the 266 hand and the target (Hand-Target Difference), the last fixation before movement onset (Explicit 267 Eye) and the RT. In the first experiment, the report group also has the reported angle of the aim 268 direction (Explicit Report). For each measure, we smoothed the results by averaging over bins 269 of eight sequential trials (one for each target). For each bin, trials that were more than two 270 standard deviations from the mean of the bin were removed (in the first experiment 2.0% of the 271 available Hand-Target Difference trials were outliers and 2.3% from the available Explicit Eye 272 trials, in the second experiments 1.9% and 2.3% trials were removed, respectively). We then 273 calculated the implicit measures for each trial by subtracting the corresponding explicit 274 measures (Eye and Report) from the Hand-Target Difference to create the Implicit Eye and 275 Implicit Report. In case of missing values in a trial in Hand-Target Difference, Explicit Eye or 276 Explicit Report (due to outliers, slow movements, blinking, missed report, etc.), no implicit 277 measure was calculated for that measure for that trial. For each measure, we used a parametric 278 bootstrap to find the sampling distribution of the mean for each bin, resampling data from a 279 normal distribution with the outlier corrected mean and standard deviation determined by the 280 eight points in each bin for each measure (or fewer points if outliers were discarded). 281
In the second experiment, we also measured Implicit Exclusion. We averaged over the 282 four sequential trials of each mini-block to create a binned version of Implicit Exclusion, and again used a parametric bootstrap to find the sampling distribution of the mean of each bin, 284 resampling data from a normal distribution with mean and standard deviation determined by 285 the four points in each bin. Similarly, we also averaged over the Hand-Target Difference, the 286 Explicit Eye, and the Implicit Eye in the four trials preceding each Mini Exclusion Block. The 287
Explicit Exclusion was calculated by subtracting the binned Implicit Exclusion from the binned 288
Hand-Target Difference before the Mini Exclusion Block. Implicit difference was defined by 289 subtracting the binned Implicit Eye before the Mini Exclusion Block from Implicit Exclusion. 290
Since for some subjects some bins were missing, we used PPCA (Tipping and Bishop, 1999) In all learning curves we focused on three phases: the 'initial rise' was defined as the 300 3rd bin in the rotation block; the 'late early rise' was defined the 10th bin in the rotation block 301 (after 80 rotation trials), and the 'end of adaptation' was defined as the last bin of the rotation 302 block. 303
Clustering. In the second experiment, we clustered the subjects with fuzzy c-means 304 (FCM) clustering. We tested clustering with between two and six clusters. Following Haar et 305 al. (2015b) we used a cluster validity index proposed by Zhang et al. (2008) . This index uses a 306 ratio between a variation measure in each cluster and a separation measure between the fuzzy 307 clusters. The smaller the ratio, the better the clustering. Clustering was applied in two steps: 308
The first was on the difference between the two measures of implicit in each of the 6 mini-309 blocks: the difference between Implicit Eye before the no visual feedback trials and the hand at 310 the no visual feedback trials. The second step was applied on the Explicit Eye during rotation 311 trials: For each cluster found in the first step, perform additional clustering on the first 3 312 principal components from the 40 bins of rotation trials. 313 perturbed by a clockwise visuomotor rotation to study the relation between subjects' gaze and 316 explicit learning. In the first experiment, we developed and validated our Explicit Eye measure, 317 and, in the second experiment, we explored the time course of the Explicit Eye measure and its 318 relation to exclusion, a measure of implicit learning. 319
Experiment 1 320
The first experiment followed the protocol of Taylor et al., (2014) and compared 321 reporting (R) and non-reporting (NR) learning groups. The averaged learning curves for both 322 groups showed a rapid rise in the Hand-Target Difference ( Figure 3A&B ). The initial rise (the 323 3rd bin in the rotation block) was 32.9 ± 6.2° and 24.7 ± 8.5° for the R and NR groups 324 respectively. The differences between the groups in the initial rise was 8.2 ± 10.5°. Adaptation 325 does not saturate after the initial rise but continues more slowly. This second time constant 326 continues until subjects have zero error. The report group reached adaptation plateau after about 327 80 trials with mean Hand-Target Difference of 46.5 ± 2.8° at the late early rise. The NR group 328 was slower to reach plateau and at the late early rise their mean Hand-Target Difference was 329 only 33.9 ± 5.4°. The difference between groups in this late early adaptation phase is 12.6 ± 330 6.1°. By the end of adaptation phase, the mean Hand-Target Difference is 45.8 ± 2.1° and 43.0 331 ± 2.7° in the R and NR groups respectively. 332
Explicit Report and Explicit Eye in both groups rise quickly and fall off slowly, 333 reflecting a slow but steady increase in implicit knowledge. Differences between groups in the 334 Explicit Eye at the initial rise (difference of 15.8 ± 8.6°) and in the late early rise (19.5 ± 6.0°) 335 mirrors the difference in the Hand-Target Difference, reflecting the dominant role of explicit 336 knowledge in initial learning across both groups. By the end of adaptation, the differences 337 between R and NR still exist (18.0 ± 4.8°). 338
In the R group, Explicit Eye and Explicit Report match with an average difference of -339 0.02 ± 0.8°. This is true not only on average but also for each subject ( Figure 3C ). As a 340 consequence, the corresponding implicit measures also match. The average difference is -0.3 ± 341 0.8°, and this is consistent with the aftereffect measure of the implicit: the difference between 342 the after effects and the implicit components are 3.4 ± 3.0° ( Figure 3D&E ). This contrasts with 343 the consistent lack of a match between Implicit Eye and aftereffect in the NR group (Figure  344 3F). For the NR group, the Implicit Eye measure suggested a much larger implicit component 345 than revealed by the aftereffect, where the difference between the aftereffects and the Implicit respectively. Hence, though the Implicit Eye is higher than the aftereffect in the NR group, they 349 are still correlated. 350
351

Experiment 2 352
While in the report group the eye movements fully reflected the explicit component of 353 adaptation, in the NR there was a gap. To explore this gap, we conducted a second experiment 354
where we added exclusion trials during the rotation block. Those trials were no visual feedback 355 trials in which we asked subjects to ignore their strategy and aim directly at the target. Since, 356 by aiming at the target, they remove the expression of their explicit knowledge, the remaining 357
Hand-Target Difference reflects only their implicit learning. Five mini-blocks of 4 exclusion 358 trials were used during the rotation and these were combined with a virtual mini block of the 359 first four exclusion trials of the aftereffect. This led to a total of 24 exclusion trials in six mini 360
blocks. 361
Like in the NR group of the first experiment, the Hand-Target Difference initially rose 362 quickly, and later continued to rise slowly ( Figure 4A ). In this experiment, on average, subjects 363 did not reach full adaptation. Here, too, the Explicit Eye rises initially quickly. However, it did 364 Exclusion was lower than the Implicit 385
Eye with a bias of 5.4 ± 1.3°that was 386 not, however, consistent across 387 subjects ( Figure 4B) . 388
The learning curve of the 389 different subjects exemplify 390 fundamental differences between 391 subjects. First, for some subjects, the 392 two measures of implicit correspond 393 while, for others, the Implicit Eye was higher than the Implicit Exclusion ( Figure 4B ). Second, 394 within subjects with corresponding measures of implicit: for some gaze stayed locked on the 395 target, reflecting an Explicit Eye adaptation of 0° (these subjects also had a very slow rise in 396
Hand-Target Difference which reaches no more than 30°); while for others, gaze shifted rapidly 397 to the hand-target, reflecting nearly full explicit knowledge ( Figure 4C ) and it was consistent 398 with a quick rise in the Hand-Target Difference. 
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We called these the Matched-Implicit and No-Match clusters. In the second clustering step, we 405 further clustered the Matched-Implicit cluster according to the Explicit Eye measured through 406 the entire rotation block. We used PPCA to reduce the dimensionality of the data. We ran FCM 407 clustering over the first three components which captured 93% of the overall variance. The 408
cluster validity values again suggested two clusters, while when applying the same clustering 409 approach to the No-Match group they did not reveal any clustering. 410
411
The two-step clustering method categorized subjects into three clusters. Two of them 412 are derived from the Matched-Implicit cluster of the first step, and, for them, the Explicit Eye 413 faithfully reflects explicit knowledge. From those two, we called the one that had more explicit 414 adaptation Match-High (n=21). The Hand-Target Difference of these subjects rose quickly to 415 
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fact that explicit adaptation does exist in these subjects is supported by the rapid rise of the 441
Hand-Target Difference: 33.5 ± 5.0° in the initial rise, 39.8 ± 2.8° at the late early rise, and 44.5 442 ± 2.5° at the end of adaptation. This performance is similar to that of the Match-High group, 443 with differences of -1.7 ± 8.2°, 5.6 ± 3.6° and 4.2 ± 3.5° at the initial rise, late early rise and at 444 the end of adaptation. In contrast, the Explicit Eye of this No-Match group was very different 445 from that of the Match-High. It changed from 22.6 ± 4.1° in the initial rise to 24.1 ± 3.6° at the 446 late early rise and to 21.5 ± 3.3° by the end of adaptation. Both measures of implicit of the No-447 Match cluster rose slowly; however, the Implicit Eye was, obviously, much higher than Implicit 448
Exclusion, by 13.3 ± 1.7° by the end of the rotation block. 449
Following previous studies that suggest that explicit learning requires longer RTs 450 Eye reflects aspects of explicit knowledge, this idea would also imply that averaged RTs in the 468
No-Match group should be closer to those of the Match-High rather than to those of the Match-469
Low, and this is contradicted by Figure 7A . For this group the Explicit Eye reflects only one 470 component of explicit learning, the same one that is correlated to the RTs, while there is another 471 explicit component which is not related to either eye movements or RT. 472 473
Discussion
474
In this study, we explored the extent to which explicit components of visuomotor 475 adaptation are captured by eye movements. We did this by comparing eye movements to two 476 accepted measures of explicit learningverbal report and the exclusion test. Our experiments 477 showed that eye movements have a stable pattern: after target appearance the eyes saccade from 478 the origin to the target, and then, before movement onset, the eyes saccade again in the direction 479 towards which the subject will aim. We believe that these eye movements provide a measure 480 of explicit adaptation (we called it Explicit Eye); however, this measure only reflects part of 481 the explicit adaptation. Our first experiment showed that when subjects report their intended 482 direction, Explicit Eye and the other two measures (verbal report and exclusion) all matched. 483
In contrast, when subjects did not report, Explicit Eye only reflected part of the explicit 484 adaptation indicated by the exclusion. The fact that the two were correlated suggested that 485 Explicit Eye might be reflecting components of explicit adaptation ( Figure 3F ). In our second 486 experiment, we tried to explore more fully the time course of the separation of Explicit Eye 487 from explicit shown by exclusion. We found that the two diverge early in adaptation. In 488 analyzing the data of the second experiment, we found three groups of subjects. The first group 489 adapted fully to the rotation and had eye movements consistent with performance in exclusion 490 trials (Match-High); the second group also adapted fully but had less Explicit Eye than would 491 be expected from exclusion trials (No-Match); the third group only adapted partially and had 492 eye movements consistent with lack of explicit adaptation in the exclusion trials (Match-Low). 493
The learning curves of this last group were similar to those reported in paradigms were subjects 494 The question arises whether the components of the explicit adaptation that are reflected 507 in Explicit Eye map to the explicit strategies identified by McDougle and Taylor (2019) . In that 508 study, the key difference in the strategies was that one strategy introduced a correlation between 509 rotation and reaction time while the other did not. Consequently, we examined reaction times 510 in the different groups. We found that the group with the single explicit strategy (captured by 511 gaze; Match-High) had very long reaction times relative to the other groups. Interestingly, these 512 subjects had longer reaction times in the baseline phase as well, suggesting that they were more 513 carefully and explicitly controlled movers even during normal movement. The reaction times angle. Our data suggest that this measure overestimates the explicit adaptation (as measured by 533 the exclusion test). The last fixation before movement onset was a more stable measure and is 534 consistent with earlier results on the specific timing with which eye movements predict hand 
